We numerically explore the emission behavior of magnetic dipole emitters located next to resonant plasmonic split-ring resonators (SRRs), which are well known for their large magnetic moment at their fundamental resonance in the near infrared. Our results are compared to the situation for electric dipole emitters, where the SRR can be described by solely its electric dipole moment. We show that a similar approach in the case of magnetic dipole emitters is not sufficient, as the symmetry breaking due to the gap has to be taken into account. We demonstrate how retardation between the emitter and the SRR can be used as an additional degree of freedom to manipulate the emission spectrum. Our concept will pave the road towards efficient plasmonic antennas for magnetic dipole emitters.
Introduction.-Magnetic dipole transitions are usually several orders of magnitude weaker than electric dipole transitions [1] , yet they are technologically very relevant, for example in Lanthanoide-ion-doped lasing media [2] . However, the radiative properties of photon emitters highly depend on their photonic environment, i.e., on the local density of states (LDOS), which was first analyzed by Purcell [3] . Because of the high electric and magnetic fields around a resonantly excited plasmonic nanostructure, such a structure strongly modifies the LDOS [4] . This can enhance as well as suppress both radiative and nonradiative decay rates, depending on the location and frequency of the emitter. These effects have been used to differentiate between electric and magnetic transitions in Eu 3þ ions, using a planar gold mirror [5] or other one-dimensional geometries [6] . The LDOS of electric dipole emitters has been thoroughly studied in the vicinity of different complex nanostructures [7] [8] [9] [10] [11] [12] [13] [14] . Recently, decay rates of magnetic dipole [15] and even electric quadrupole transitions [16] were shown to be strongly modified by plasmonic scatterers. Since in all of these cases resonantly excited nanostructures transfer radiation from deep subwavelength objects into the far field, the notion of a ''nanoantenna'' has been coined to demonstrate this strong similarity to usual antennas [17, 18] . However, for nanostructures, large nonradiative losses continue to be a challenge in the design of efficient nanoantennas, especially as soon as higherorder modes are excited, an issue which may also be tackled by using dielectric nanoantennas [19] [20] [21] [22] .
For magnetic dipole emitters, a promising candidate for a suitable antenna is a split-ring resonator (SRR), since it will couple very well to the emitter through its strong magnetic fields, especially at its fundamental resonance. We show in this Letter that resonantly excited SRRs are indeed able to enhance spontaneous decay rates by several orders of magnitude. Remarkably, the amount of power transferred to the far-field may reach its maximum at frequencies below or above the antenna resonance frequency, depending on the position of the emitter.
Environment dependence of emitter properties.-The decay rate of an emitter is commonly described by Fermi's golden rule [23] 
with the initial state jii, the final state jfi, and the interaction Hamiltonian H I , which can be written as
where the dots represent further higher order interactions, such as electric quadrupole terms. p is the electric and the magnetic dipole moment of the emitter. In order to differentiate between intrinsic emitter properties and the influence of the photonic environment on the decay rate, it is convenient to rewrite Eq. (1) as [23] 
where E;B is the electric or magnetic LDOS, which gives the amount of phase space available for the emitted photon. The LDOS is proportional to the amount of power an oscillating dipole loses when it is placed at the respective position, which can be calculated via
for the case of magnetic dipole emitters, where G $ m ðr; r 0 Þ is the magnetic dyadic Green's tensor [24] that gives the magnetic field BðrÞ of a magnetic dipole located at r 0 . In order to calculate the Purcell factor, which describes the ratio of the decay rate to the decay rate in vacuum 0 , one has to normalize P by the power P 0 the dipole would emit in vacuum. This Purcell factor correctly includes radiative as well as nonradiative decay channels, in contrast to other definitions that use the mode volume [25] .
Our model system.-In this Letter, we use an SRR made from gold to modify the photonic environment around the emitter. The dimensions of the SRR are given in Fig. 1 . We numerically analyze our system using a discrete dipole approximation (DDA) which we implemented based on Ref. [26] . For the polarizability of the single dipoles, we use the Clausius-Mossotti relation with a dipole volume of 64 nm 3 and directly solve the linear equation that arises for the single polarizabilities in the DDA. Although the numerical accuracy of the DDA is known to be less than optimal [26] at this level of discretization, the overall physics is still well reproduced [27] . For gold we use a Drude model with the parameters given in [28] , which is a fit to the data of Johnson and Christy [29] . The structure is placed in vacuum. The fundamental resonance is located at about 165 THz.
The fundamental plasmonic resonance of SRRs is well known for its high electric dipole moment in the gap as well as its high magnetic moment, which is generated by the circular current in the ring (see Fig. 1 ). Often, the properties of an SRR are successfully described by reducing it to these two dipole moments [30] . We will show to what extent this model is also able to correctly predict the coupling of dipole emitters to an SRR. While in other plasmonic structures high magnetic fields often coincide with dark modes, in the case of SRRs, the electric dipole moment renders the fundamental plasmonic resonance bright. This makes it especially suitable as a ''magnetic nanoantenna.'' Nevertheless, any resonantly excited plasmonic structure only reradiates a fraction of the stored energy into the far field; a substantial amount will be absorbed due to Ohmic losses. Therefore, one has to distinguish between a radiative decay rate r and a nonradiative decay rate nr of the emitter next to the structure. The power which is absorbed in the structure can be calculated in the DDA approach via [31] 
In this formula, i and p i are the polarizability and the dipole moment of the ith dipole in the DDA. In order to obtain the power radiated into the far field P rad , we subtract this quantity from the total power P emitted by the dipole [Eq. (4)]:
Decay rate modification.-We first calculate the Purcell factor around an SRR for magnetic as well as, for comparison, electric dipole emitters (see Fig. 2 ). The decay rate is enhanced up to 4 orders of magnitude and resembles the absolute square values of the magnetic and electric field component in the direction of the emitter, jE x j 2 and jB z j 2 .
For the x-polarized electric emitter, we observe the typical intensity distribution we would also obtain, at least qualitatively, if we replaced the SRR by an electric point dipole [ Fig. 2(a) ]. The four dents at about jxj ¼ 50 nm are sometimes referred to as ''magic angles,'' especially in nuclear magnetic resonance [32] , and are also a typical feature of a dipolar field distribution. They mark the locations at which a dipole exhibits no field component along the axis of its orientation. For these reasons we can qualitatively describe the coupling to an electric dipole emitter perfectly in terms of the coupling of the two electric moments.
If the interaction with a magnetic dipole emitter [ Fig. 2(b) ] was solely mediated by the magnetic dipole moment of the SRR, one would expect a circularly symmetric distribution since the magnetic moment of the SRR is pointing out of the drawing plane. This, however, is not the case. Two dents are clearly visible at the end of the ''arms'' of the SRR, which mark positions where the z component of the B field changes sign. This sign change is obviously caused by the symmetry breaking due to the gap. The effects of this symmetry breaking are even more visible when we change the plane in which we plot the Purcell factor (Fig. 3) . We only observe the magic angle near the cross bar of the SRR but not on the left side. This is a clear deviation from the pattern of an ordinary magnetic dipole, since the sign of the z component of B only changes once when we go halfway around the SRR in the upper or lower half-space, instead of changing twice. This sign difference matters especially when interference effects are investigated, in particular in the calculation of the radiative decay rate.
Far-field scattering and radiative decay rate.-In a first approximation, the change in the radiative decay rate and therefore the change of the power transferred to the far field can be calculated as [33] 
where ind is the dipole moment induced in the SRR. The line shape of the radiative decay rate depends on the strength of the coupling to the SRR. We have to distinguish three regimes: For strong coupling, i.e., ind is larger than the dipole moment of the emitter itself, virtually all power emitted is scattered by the SRR. Therefore, we expect a Lorentzian peak in rad around the plasmonic resonance of the SRR. This happens if the emitter is placed in the center of the SRR (cf. Fig. 4 ). As soon as the coupling becomes weaker, e.g., for emitters placed outside the gap, the power radiated from the emitter without being scattered at the SRR may no longer be neglected, since these fields are of the same order of magnitude as the scattered fields. Therefore, one has to take the superposition of the fields of the emitter and the nanostructure into account, which strongly depends on the phase between them.
The third regime finally appears as soon as retardation plays a role, which will be analyzed later. We calculate the power transferred to the far field for an emitter displaced from the SRR 100 nm along the x axis as well as along the y axis, using Eq. (6). The results for magnetic as well as for electric dipole emitters are shown in Fig. 5 . Since the phase of the charge oscillation in the SRR and therefore the interference pattern with the unscattered light changes when the excitation frequency is tuned through the resonance of the SRR, the maximum of the radiative decay rate is detuned from the resonance frequency [34] . This explains the Fano-like resonance peaks in the emission spectra, since constructive interference leads to an increase and destructive interference to a decrease of rad .
In the case of electric emitters [Figs. 5(a) and 5(b)], the results can easily be explained by a quasistatic model in which the electric emitter couples to the electric dipole moment of the SRR: For x-displacement (a), the parallel configuration is associated with lower energy. Since two parallelly aligned dipoles interfere constructively, the enhancement of the radiative decay rate also appears at lower frequencies, while above the resonance frequency, rad is suppressed due to destructive interference. For y 
FIG. 4 (color online)
. Power transferred into the far field from a magnetic dipole emitter placed in the center of the SRR. The result is averaged over all possible orientations of the emitter and normalized to the power emitted in vacuum. We observe a large enhancement of more than 1 order of magnitude at the resonance, which exhibits a Lorentzian line shape. displacement, the situation is reversed, since now the parallel configuration is of higher energy.
Applying the same quasistatic model to magnetic coupling would predict qualitatively similar spectra for displacements along the x and y axis, since the magnetic moment of the SRR is pointing along z. Figures 5(c) and 5(d) show that this is not the case. For displacements along the x axis, the quasistatic picture predicts a suppression below the resonance, since the antiparallel configuration is energetically favored. This is also what the simulation shows, however obscured by an overall increase for higher frequencies, which can be attributed to the second plasmonic resonance of the SRR.
For y displacements, the situation differs: The enhancement, i.e., the parallel configuration, appears at lower frequencies. This can be understood by inspecting the orientation of the magnetic field around an SRR: Near the gap, the z component of the magnetic field is oriented parallel to the magnetic dipole moment of the SRR, while for a perfect magnetic dipole, it would be antiparallel. This energetically favors the parallel orientation of the emitter, and therefore causes the maximum transmitted power to be situated below the resonance frequency.
We can still describe this behavior by the two-dipole model of the SRR, but only if we go beyond the quasistatic approximation and take the magnetic field of the electric dipole moment into account as well. In the gap region of any SRR, the magnetic field of the induced electric moment points opposite to the magnetic field of the induced magnetic moment. As shown in Fig. 5(d) , the coupling to the electric dipole moment excedes the coupling to the magnetic dipole moment at this point. In the case of x displacement considered in Fig. 5(c) , there is no magnetic field from the electric dipole moment; hence, we observe the bare coupling to the magnetic dipole moment. We would like to point out that also in the case of electric emitters there is a cross coupling to the magnetic dipole moment for symmetry reasons [30] ; however, it appears to be small enough compared to the coupling to the electric dipole moment to be neglected in the explanation.
Coupling at larger distances.-We can further modify the line shape of the radiative decay rate by enlarging the distance between the SRR and the emitter. There are two major effects which contribute in this case. First, the interference pattern of two dipoles at distances of the order of a wavelength strongly differs from the interference of two close dipoles, and second, the phase between the SRR and the emitter may also be modified due to the retarded coupling [35] . We simulated a situation analogous to the situation depicted in Fig. 5 , but this time with distances of 900 nm as well as 1000 nm, which is around =2 at the resonance frequency (cf. Fig. 6 ). Except for magnetic emitters displaced along the x axis, where the signal is too weak to be observed, the spectra are reversed compared to the displacement of 100 nm (Fig. 5) . Since the phase of a dipole changes only slightly up to distances of =2 due to the strong near fields, the effect is caused by the change in the interference pattern for dipoles at different separations. While two symmetrically oscillating dipoles are bright at close distances, they become dark at =2 separation and vice versa. Introducing retardation therefore offers a further degree of freedom to tune the behavior of dipole emitters. However, since the interaction strength decreases rapidly with increasing distance, the effects also become quite small.
Conclusion.-We found that SRRs are able to tremendously enhance the total decay rate of magnetic dipole emitters, making them a suitable tool to manipulate magnetic transitions. The radiative decay rate, however, crucially depends on the phase between the emitter and the plasmonic resonance. We were able to show that this leads to Fano-type spectra with enhancement as well as suppression of r . The detuning of the maximal radiative decay rate from the plasmon resonance frequency is location dependent. While in the case of electric dipole emitters we explained this behavior by the quasistatic coupling of the two electric moments, for magnetic dipole emitters the gap introduced an additional minus sign in the coupling term at certain spatial positions. This can also be interpreted by the magnetic field induced by the electric dipole moment of the SRR. Furthermore, we demonstrated that increasing the distance between the emitter and the SRR flips the spectra on the frequency axis.
Although the fundamental plasmon mode of the SRR is a bright mode, the nonradiative decay channel is still dominant, leading to strong quenching. By using more sophisticated nanoantennas, such as dolmen structures [36] [37] [38] [39] or oligomers [40, 41] , where the coupling between the bright electric dipole resonance and the dark magnetic mode can be selectively tuned, it will be possible to 
